ABSTRACT: Global climate change (GCC) is the most widespread environmental peril facing tropical coral reefs, yet the capacity of scleractinian corals to survive the challenge is not well understood. Acclimatization is a primary mechanism by which organisms match their physiology in a timely and beneficial way to a rapidly changing environment, and so it is not surprising that the question 'can corals acclimatize to GCC effects?' is a central theme in coral reef science today. Here, we argue that acclimatization in corals, as in all organisms, is axiomatic -i.e. evident without proof or argumentand that the emphasis on whether corals can acclimatize to GCC is distracting. The key to understanding how corals will respond to future environmental challenges lies in understanding the extent to which acclimatization is important. This is a subject that has received great attention in other systems, and we think that coral biologists can benefit from a deeper understanding of the classical physiological expression of acclimatization, and a broader appreciation of the experimental designs that are required for elucidating the complex relationships among physiology, physical conditions, and recent history.
Introduction
By most measures, the percentage cover of scleractinian corals on many tropical reefs has been declining for decades (Gardner et al. 2003 , Bellwood et al. 2004 ). These changes have been caused by diverse agents (e.g. Bellwood et al. 2004 ), but the most severe and geographically widespread losses have been attributed to rising seawater temperature associated with global climate change (GCC) (Hoegh-Guldberg 1999 , Bruno & Selig 2007 . High temperature kills corals primarily through bleaching, in a process that is exacerbated by high light intensities (Jones et al. 1998) and, indirectly, by pathogens (Selig et al. 2006 ). In the coming decades, the thermal consequences of GCC will intensify (IPCC 2007) , and this, combined with ocean acidification resulting from high levels of atmospheric CO 2 , will have serious effects on corals (HoeghGuldberg et al. 2007 ).
Adaptation versus acclimatization
The geological history of scleractinians reveals that they have displayed strong patterns of resistance to environmental stress (Buddemeier & Smith 1999) , and we infer that they have the potential to adapt to the current suite of environmental challenges, via changes in the genetic composition of the populations through natural selection, to favor reproductive success under the prevailing conditions. Nevertheless, the recent short-term record tells a different story of sensitivity to environmental degradation, and therefore a 'biogeoparadox' exists between the short-and long-term history of coral reefs (Buddemeier & Smith 1999) . For contemporary reefs, the consensus among many scientists is that the tempo of evolutionary transformation within the Scleractinia will be inadequate for responding to GCC (Hoegh-Guldberg et al. 2007) , which is changing the environment at an unprecedented rate (IPCC 2007) . Assuming that most scleractinians are incapable of genetic adaptation (as defined above) to the rapid changes resulting from GCC, the alternative response will be genotype-independent phenotypic changes, which are classically described as acclimatization (Prosser 1991 ) but can effectively be subsumed into the framework of phenotypic plasticity (Huey & Berrigan 1996) . Acclimatization refers to phenotypic changes occurring under naturally varying conditions, but when these changes are investigated experimentally by manipulating a single environmental factor, the responses are termed acclimation (Prosser 1991) . Acclimatization is not functionally equivalent to acclimation, however; when the response is caused by several agents, as occurs in nature, the role of each agent is unclear, as is the extent to which their cumulative effect is equivalent to the sum of their isolated effects.
Phenotypic plasticity and acclimatization have been favorite subjects of investigation in corals for decades (Coles & Jokiel 1978 , Foster 1979 , and such studies have in general embraced simple experimental approaches employing factorial combinations of a few treatments, or reciprocal transplantation among a handful of sites. The majority of corals are, however, strongly influenced by mutualistic symbioses with a variety of taxa, the best known of which are dinoflagellates of the genus Symbiodinium (Muller-Parker & D'Elia 1997). Such associations create a rich context for potentially beneficial responses to environmental variation (Moran 2007) . Importantly, because natural selection acts on biological units whose parts function in a coordinated manner and are responsive to environmental change (Mayr 1997 , Gould & Lloyd 1999 , genotypic responses attributed to the coral host or their symbiotic partners can be described as adaptation (e.g. Moran 2007 ). For tropical scleractinians, the high genetic diversity in Symbiodinium (Apprill & Gates 2007) , which was unimaginable 2 decades ago (Blank & Trench 1985) , has fueled a debate evaluating the role of symbiont 'switching' and 'shuffling' as a means to respond (i.e. adapt) in beneficial ways to GCC (Buddemeier et al. 2004) . While agreement has yet to be reached regarding the importance of this means of adaptation, there is already extensive evidence for 'traditional' acclimatization in the scleractinia, mostly in response to variation in temperature and light (Coles & Jokiel 1978 , Falkowski & Dubinsky 1981 .
Physiological basis of acclimatization
In Gates & Edmunds (1999) we argued that there is no reason to suppose that scleractinians will differ from other eukaryotes in their capacity for physiological acclimatization -presumably through changes in the genetic expression of macromolecules, differential use of existing macromolecules, or modifications to the internal milieu within which macromolecules operate (Hochachka & Somero 2002 ) -and we reemphasize this assertion here. Nevertheless, analyses addressing whether corals can acclimatize to GCC are still common. Where coral acclimatization has been studied, 3 problems are frequently encountered: (1) the research is often equivocal with regard to the operational definition of the process (acclimation, acclimatization, or adaptation) under investigation, or the environmental factor to which it is responding; (2) the interpretation of the results falls foul of the 'adaptationist program' (Gould & Lewontin 1979) by assuming (without testing) that acclimatization is beneficial (Huey & Berrigan 1996) ; (3) the experimental design and statistical analysis often have limited ability to address the question under study. Importantly, there are substantial differences in the design of studies aimed at evaluating whether corals can acclimatize to GCC, versus those determining the role(s) played by acclimatization. For example, the former design assumes that acclimatization may be absent (which we contend is inconceivable), and the latter assumes that the experimental design is suitable to statistically detect acclimatization in its various forms (Figs. 1 & 2) , which may not be the case. No acclimation occurs as a result of H or L conditions, and the relationship is described by a single curvilinear response; (B) acclimation occurs as a result of H and L conditions, with the response translated (arrow) along the abscissa (the shape of the response does not change); (C) acclimation occurs as a result of H and L conditions, with the response rotated (arrows), such that the shape of the response changes; rotation can also be combined with translation. Factorial experiments with categorical treatments would correctly reveal no acclimation in (A), but acclimation in (B). For (C), the outcome would depend on where along the environmental gradient (i.e. Scenario 1 or 2) the categorical treatments occurred (graphs modified from Prosser 1991) The work of Brown et al. (2002) provides an elegant example of a factorial study of acclimatization in corals, demonstrating that an initial exposure to high light and aerial conditions subsequently reduced the effects of high temperature; acclimatization was interpreted to be beneficial. In other studies of acclimatization in corals, a variety of physical conditions have been used to analyze the response of several traits, but the conceptual approach remains similar to that of Brown et al. (2002) . Significantly, such factorial designs do not span the physical gradient necessary to capture the potential curvilinear relationship between a given trait and the environmental conditions to which it is responding. Consequently, factorial studies of acclimatization have limited capacity to distinguish among competing hypotheses regarding the mechanistic basis of the response, namely those resulting in shifts in the curvilinear phenotype-environment relationship that can be described as translation (a lateral shift of the relationship on the phenotype-environment plot), rotation (an angular shift in the relationship about a fixed point), or translation-rotation (an angular shift combined with a lateral shift in the relationship) ( Fig. 1) (after Prosser 1991) . Further, although factorial studies have been successful at detecting acclimatization (Fig. 1B) (Brown et al. 2002) , a negative result can have multiple interpretations, only one of which is that acclimatization did not occur (Fig. 1C) . Lastly, factorial studies of coral acclimatization typically are divorced from knowledge of the temporal and directional structure of the phenotypic responses to environmental change (Fig. 2) , although we suspect that the expectation that acclimatization (should it occur) will be fully compensatory (Fig. 2) , is pervasive. There are 2 important consequences of these oversights: (1) The outcome of factorial acclimatization experiments can differ, depending on their duration (e.g. Fig. 2 , Time 1 versus Time 2). (2) The statistical framework appropriate for a factorial design will probably be insufficient to resolve the Treatment × Time interaction or the direction of phenotypic responses, both of which are important in distinguishing the differing types of acclimation (Fig. 2) .
Further studies of acclimatization in reef corals
The concepts embodied in Figs. 1 & 2 have been entrenched in the classic physiological literature for decades, but there is a tendency for these principles to be overlooked by coral biologists rushing to answer what at first glance might seem to be a simple question: Can corals acclimatize to resist GCC? The answer is likely to be complex, and will not be elucidated with simple experimental designs. We do not dispute the findings of recent studies that have demonstrated acclimatization in corals, in part because these responses are characteristic of virtually all eukaryotes (Gates & Edmunds 1999) . However, we feel that the mechanisms underlying acclimatization in corals are likely to encompass a level of sophistication and complexity that is currently unappreciated and that will only be unveiled in studies specifically designed to address these details. An improved understanding of acclimatization responses in corals is fundamental to defining the biological traits and mechanisms that are linked with survivorship in corals, and it is this line of discovery that will ultimately enhance our capacity to address the simple question 'How will corals respond to GCC?' Fig. 2 . Range of phenotypic outcomes as a function of time following a change in conditions (arrow) that altered the phenotype; a depression of the phenotype is shown, but the direction of change is irrelevant. In this diagram, acclimation subsequent to the perturbation can result in any of 5 possible responses, 4 of which satisfy the criteria of acclimation. Overcompensation: the phenotype exceeds the initial value; complete compensation: return to initial value; partial compensation: incomplete return to initial value; no compensation: absence of acclimation; inverse compensation: decline relative to the initial value. Any one of these 5 outcomes could have beneficial value, depending on the circumstance, although complete compensation often is construed as 'full' acclimation. In the context of corals and their response to GCC, manipulative experiments of varying duration (Time 1 vs. Time 2) following the imposition of environmental stress, would yield differing answers with regard to the roles of acclimation. Moreover, a factorial experimental design with initial and final sampling would be unable to resolve the Treatment × Time interactions that are required to discriminate among the possible acclimation responses (graph modified from Huey & Berrigan 1996) 
